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Endothehn and eicosanoid synthesis in cultured mesangial cells. We
investigated the effect of endothelin on the generation of eicosanoids,
which are known to regulate basal and stimulated mesangial cell tone.
The results showed that endothelin is a potent stimulus of prostaglandin
E2 (POE2), prostacyclin (PGI2), and thromboxane A2 (TxA2) synthesis
by bovine mesangial cells. Percentage increases in eicosanoid synthesis
induced by endothelin (10'° to 10—6 M), were 50 to 275% for PGE2, 28
to 168% for PGI2 and 42 to 111% for TxA2, respectively. Endothein-
induced eicosanoid synthesis in mesangial cells was concentration, but
not time dependent. Aspirin (500 /sM) completely prevented endothelin-
induced eicosanoid synthesis. The calcium entry blocker nitrendipine
(10—8 M) failed to inhibit endothelin-induced eicosanoid synthesis.
These data suggest that endothelin-induced changes in renal circulation
and glomerular function in normal and disease conditions may be
modulated by the concomitant stimulation of mesangial eicosanoid
synthesis.
The recent discovery of a peptide of vascular endothelial
origin called endothelin, isolated from cultured supernatant of
porcine aorta, has opened important perspectives on the patho-
physiology of systemic and renal circulation [1]. Endothelin is a
21 amino acid residue peptide which constricts vascular smooth
muscle cells depending upon the availability of extracellular
calcium [1]. Interplay between endothelin and endothelium-
derived relaxing factor (EDRF) [2], which have opposite effects
on smooth muscle cells, and renin are at present intensively
investigated in various laboratories. It has been found that
endothelin may function as a counter-regulatory hormone to the
vasodilatory actions of EDRF [3]. Moreover endothelin stimu-
lates renin release, thus antagonizing the inhibitory effects of
EDRF on renin activity [4]. In the more general framework of
the paracrine control of endothelial cell on smooth muscle and
mesangial cell function [5, 6] endothelin can now be regarded as
one of the possible mediators of this delicate modulatory
mechanism. Thus endothelin induces mitogenesis of rat mesan-
gial cells in culture [7] and mesangial cell contraction [8], a
phenomenon which is associated with an endothelin induced
fall in glomerular ultrafiltration coefficient (Kr) after its admin-
istration in vivo [8]. Moreover, endothelin activates mesangial
Na/H exchange causing cytosolic alkalinization, and en-
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hances transcription of the c-fos proto-oncogene biochemical
signals; both are linked to cell proliferation [7].
It has been also documented that endothelin, like angiotensin
II and vasopressin, contracts mesangial cell [8]. Of interest is
that angiotensin II- and vasopressin-mediated mesangial cell
contraction is associated with the simultaneous synthesis of
prostaglandins, which counteract the constrictor action of these
peptides on the mesangium [9]. Since endothelin promotes
phospholipid hydrolysis in cultured vascular smooth muscle
cells determining an activation of phospholipase A2 with the
subsequent metabolism of arachidonic acid to vasoactive prod-
ucts [10], we undertook the present experiments with the aim to
clarify: 1) whether endothelin influences the synthesis of ei-
cosanoids in bovine cultured mesangial cells; and 2) the depen-
dence of endothelin-induced eicosanoid synthesis from the
availability of extracellular Ca2t
The results of the present experiments may have major
pathophysiologic implications in that endothelin is likely to play
a pivotal role in the control of renal circulation and glomerular
function in normal and disease conditions.
Methods
Mesangial cell cultures
Kidneys from adult bovine were obtained from a local
slaughterhouse and processed within one to two hours after
harvesting. The perirenal fat and the renal capsule were re-
moved to expose the sterile surface of the cortex. The cortex
was then minced and forced through a sterile l80-m stainless
steel sieve. The material was collected from the undersurface of
the sieve, resuspended in sterile Hank's balanced salt solution
(HBSS) containing 100 U/mI penicillin (Gibco, Grand Island,
New York, USA) and 100 sg/ml streptomycin (Gibco), and
poured through 180 and 150 sm sieves. The glomeruli which
were retained on top of the 150 sm sieve were washed several
times with HBSS and allowed to settle spontaneously. The
glomeruli thus obtained were 98% free of tubules, as judged by
light microscopy. They were resuspended in serum-free Dul-
becco's modified Eagle medium (D-MEM; Gibco) containing
the antibiotic solution and incubated with 750 U/mi type IV
collagenase (Sigma Chemical Co., St. Louis, Missouri, USA) at
37°C for 60 minutes. After collagenase digestion, D-MEM
containing 20% fetal calf serum (FCS) (Flow Laboratories,
Milan, Italy) was added and glomerular remnants were sedi-
mented at 200 x g for 10 minutes. The pellet was then plated on
75 cm2 tissue culture flasks (Cel-cult; Sterilin LTD., Feitham,
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Middlesex, UK). The incubation medium consisted of D-MEM
containing 20% FCS, antibiotic solution and 250 ng/ml fungi-
zone (Gibco). The cells were passed by washing with Ca-
free, Mg-free HBSS, followed by incubation with 0.025%
trypsin—0.0l% EDTA (Gibco) and resuspension in complete
D-MEM medium. All experiments were performed using the
same cell line at passage 3. Cultures were assessed for fibroblast
contamination by growth in medium in which D-valine replaced
L-valine [11, 12]. Cells were identified by phase contrast
microscopy and by staining for intermediate filaments. For
these stains the mesangial cells were grown onto Forlab glass
slides (Farmitalia Carlo Erba, Italy), washed, sequentially fixed
with 5% acetic acid in absolute ethanol at room temperature and
characterized by indirect immunofluorescence. Murine mono-
clonal antibodies to human vimentin (DAKOPATTS, Copena-
ghen, Denmark), rabbit antibodies to human fibronectin, kera-
tin and factor VIII related antigen (DAKOPATI'S), rabbit
antibody to chicken smooth muscle desmin (DAKOPATTS),
rabbit anti-bovine smooth muscle myosin (Miles Scientific,
Naperville, Illinois, USA) were used as primary antibodies, and
fluoresceinated sheep anti-mouse or goat anti-rabbit IgG
(DAKOPATTS) as secondary antibodies.
Incubation conditions
All experiments were performed at 37°C in a 95% air, 5% CO2
environment. Incubations were carried out in 35 mm diameter
plastic multiwells (Falcon, Labware Division of Becton Dick-
inson, Milan, Italy). Confluent cells were washed two times
with 3 ml of phosphate buffer solution (PBS) and then incubated
in D-MEM with 1% Tx-free FCS for different time intervals in
the presence or absence of endothelin (endothelin porcine,
Peptide Institute, Osaka, Japan). Endothelin was added to the
cells at the concentrations of 10_b, l0_8, or l0 M. In some
experiments, 500 p.M acetylsalicylic acid (ASA), in the form of
its soluble lysine salt (Quinton, Neopharmed S.p.a., Milan,
Italy), was added to cells 15 minutes before the starting of a 24
hour incubation with endothelin. In other selected experiments
cells were incubated for 30 minutes in medium containing the
calcium entry blocker nitrendipine (Sigma Chemical Co.; 10—8
M) dissolved in absolute ethanol, after which endothelin (10_s
M) was added for the final 60 minutes. At the end of the
incubation, the supernatant of each well was immediately
frozen after collection and was stored at —20°C until the
radioimmunoassay (RIA) was performed. Tx-free FCS was
obtained removing TxB2 by three passages of FCS in an
immuno-affinity column obtained by coupling an antiserum
against TxB2 with Sepharose 4B as previously described [13].
Radioimmunoassay
The supernatants from incubations of endothelin with cell
cultures were assayed directly for PGE2, 6-keto-PGF1c,, the
stable metabolite of prostacyclin (PGI2), and TxB2, the stable
breakdown product of TxA2, by radioimmunoassay as previ-
ously described [14]. Supernatants were diluted 1:75 to 1:750
for PGE2, 1:50 to 1:250 for 6-keto-PGF1 and 1:50 to 1:150 for
TxB2 in 0.02 M PBS (PH 7.4) before assayed. Cross reactivity of
TxB2 and 6-keto-PGF1a were previously reported [14]. POE2
antiserum was from Prof. Patrono; the cross reactivity is
reported elsewhere [15].
Inter-assay and intra-assay variability, evaluated by assay of
Fig. 1. Phase contrast micrograph of sub-confluent bovine mesangial
cells in culture, third passage (240 x).
several supernatants of mesangial cells in culture, averaged
11% and 9%, respectively, over a range of PGE2, 6-keto-PGF1
and TxB2 concentrations from 2 to 100 pglml. Validation of RIA
measurements was obtained by several independent criteria:
dilution and recovery studies, comparison among multiple
antisera and comparison with gas chromatographic-mass spec-
trometric determinations. Results were expressed as ng/5 x iO
cells.
LDH release
In order to verify whether the concentrations of endothelin
used in the present study could have a direct toxic effect on
mesangial cells, the supernatants from cells incubated 1, 6, and
24 hours with endothelin (10b0, 10_8 and 10_6 M) were
measured for lactate dehydrogenase (LDH) release according
to a method previously described [14].
Statistical analysis
All the results are expressed as mean SD. Each data was
the mean SD of six replicates. Data were subjected to one or
two way analysis of variance as appropriate. Significance level
of differences between individual group means was established
using Tukey's test. Statistical significance level was defined as
P < 0.05.
Results
Culture and characterization of bovine mesangial cells
The initial outgrowth from collagenase-treated bovine gb-
meruli contained predominantly spindle-shaped cells. How-
ever, islands of rounded or polyhedral cells, probably of endo-
thelial or epithelial origin, were also seen. A prolonged
incubation with collagenase diminished the percentage of
rounded or polyhedral cells present in the primary outgrowth,
because of the sensitivity of epithelial cells to collagenase
treatment [16]. After the first passages, only one type of cell,
the spindle-shaped cells, could be identified under phase-con-
trast microscopy. When subconfluent, cells appeared flat and
stellate (Fig. 1), while at confluence they became tightly packed
and fusiform or linear in shape (Fig. 2). Cell growth was easily
maintained in medium in which D-valine replaced L-valine,
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measured in the supernatants (Fig. 4). At 10—8 and 10—6 M
concentrations endothelin induced a significant increase when
exposed to mesangial cells for 1, 6 and 24 hours. A trend
towards an increase was also observed after the addition of
10 M endothelin, although in the latter condition the statis-
tical significance was reached only after 24 hours of incubation.
6-Keto-PGF1,, production was significantly increased in the
presence of 108 and 10_6 M endothelin after 1 and 24 hours of
incubation. A significant increase in 6-keto-PGF1,, production
was also observed after the 24 hour incubation with 10b0 M
endothelin. After a six hour incubation with different endothelin
concentrations the generation of 6-keto-PGF1a was numerically
increased although a statistical difference in respect to medium
alone was not observed.
Fig. 2. Phase contrast micrograph of confluent bovine ,nesangial cells
in culture, third passage (96 X).
indicating that the cells were not fibroblasts [11]. Immunofluo-
rescence studies were performed to characterize and confirm
the identity of the cells as of mesangial origin and to exclude
contamination by other cell types. Bovine mesangial cells were
positive for the intermediate filaments vimentin, myosin and
desmin [17], unlike inacrophages which do not contain desmin.
The cells lacked the epithelial cell intermediate filament keratin;
they stained positive for fibronectin within the cells and the
matrix. Bovine mesangial cells were negative for factor VIII
related antigen, an endothelial cell marker. Human umbilical
vein endothelial cells in culture were used as positive controls
for the factor VIII related antigen. As negative controls, mesan-
gial cells underwent the same treatment as for the specific
antibodies, but non-immune IgG from the appropriate species
was used. In all cases, cells treated in this way showed no
positive staining.
Eicosanoid synthesis by bovine mesangial cells in culture
Figure 3 shows the time course of PG and Tx synthesis by
bovine mesangial cells in "basal" conditions. Among the ara-
chidonic acid metabolites produced via cyclooxygenase mea-
sured by RIA in supernatants of mesangial cells in culture, the
major one was PGE2. PGE2 synthesis progressively increased
with time reaching a statistical significance (P <0.01) within six
hours as compared to 30 minutes of incubation. PGE2 produc-
tion further increased to a plateau from 12 to 24 hours of
incubation. Lower amounts of PGI2 and TxA2, as measured by
their stable hydrolysis products, 6-keto-PGF1,, and TxB2, re-
spectively, were detectable in supernatants of bovine mesangial
cells. Indeed, in the basal state after 24 hour incubation in
culture medium 6-keto-PGF1, and TxB2 production was respec-
tively 9- and 17-fold lower than that of PGE2. However, the
time course of production of both metabolites was similar to
that observed for PGE2.
Endothelin-induced increase in mesangial cell eicosanoid
synthesis
When endothelin was added to mesangial cells in culture for
1, 6, and 24 hours an increased generation of eicosanoids was
Effect of aspirin on endothelin-induced eicosanoid synthesis
by inesangial cells
To evaluate whether the effect of endothelin on mesangial
eicosanoid synthesis was dependent upon the integrity of the
prostaglandin-forming enzyme cyclooxygenase, we studied the
generation of eicosanoids in bovine mesangial cells incubated
with endothelin but previously exposed to aspirin. As shown in
Figure 5, 500 M aspirin consistently inhibited PGE2, 6-keto-
PGF1, and TxB2 production. In addition, 500 M aspirin also
prevented the stimulatory effect of lO_8 M endothelin on the
generation of PGE2, 6-keto-PGF1,, and TxB2.
Effect of a calcium entry blocker on endothelin-induced
eicosanoid synthesis by mesangial cells
To examine the possible contribution of extracellular calcium
on endothelin stimulated arachidonic acid metabolite produc-
tion, we measured PGE2, 6-keto-PGF1,,,, and TxB2 production
after incubation of mesangial cells with nitrendipine, a Ca2
entry blocker, alone or in the presence of endothelin. Incuba-
tion of bovine mesangial cells with lO_8 M nitrendipine alone
did not alter the "basal" arachidonic acid metabolite produc-
tion (Fig. 6). In addition, blocking Ca2 entry into the mesangial
cells with nitrendipine did not alter the increased PG and TxA,
synthesis elicited by endothelin (Fig. 6). Similar results were
obtained when mesangial cells were exposed for six hours to
nitrendipine alone or nitrendipine plus endothelin (data not
shown).
Effect of endothelin on LDH release by mesangial cells
We used LDH release as a direct marker of cytolysis. LDH
release from mesangial cells incubated with endothelin was not
different from that of controls (medium alone) independently of
the concentration of endothelin used and of the incubation time.
LDH release ranged 0 to 4% of control values.
Discussion
In the present study we have first cultured and characterized
bovine mesangial cells. As previously reported for rat and
human mesangial cells [16, 18, 19] the incubation of intact
glomeruli with bacterial collagenase, combined with gentle
mechanical agitation, resulted in efficient separation of the
epithelial cell component from the remainder of the glomerular
tuft. The cellular outgrowth from the cultured glomerular core
preparation was seen as early as three to four days after the
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initiation of culture and confluency was generally reached by 10
to 12 days. Morphologically, the outgrowth cells resembled
closely those previously described for human and rat [16, 19,
20], appearing homogeneous and with a stellate or fusiform
shape. It has been suggested that this cell type represents a
vascular smooth muscle cell derived from the glomerular
mesangial region [21]. This is supported by the finding, con-
firmed also in the present study, of iminunofluorescence stain-
ing for myosin, desmin and vimentin [19, 22, 23]. The finding of
positive staining for fibronectin in this cell type is also consis-
tent with their mesangial origin [16]. In addition, the observa-
tion of a negative staining for keratin, an epithelial cell marker,
and for factor Vill-related antigen, an endothelial cell marker,
further confirmed that cells other than mesangial cells were not
growing in the culture system used in the present study.
Cultured bovine mesangial cells are able to generate prostaglan-
dins and thromboxane. In particular, we have demonstrated
that bovine mesangial cells predominantly synthetize PGE2,
followed by PG!2 and TxA2, as measured by their stable
hydrolysis products, 6-keto-PGF1a and TxB2, respectively. In
this respect bovine mesangial cells are similar to rat mesangial
cells which have the same pattern of eicosanoid synthesis [9,
24]. At variance human mesangial cells generate either PGE2
and PGI2 [25], or PG!2 [26] as the main arachidonic acid
metabolite in resting state as well as in response to vasocon-
strictor stimuli.
Our studies also document that endothelin stimulates PGE2,
PG!2 and TxA2 synthesis by bovine mesangial cells. The
percentage increase in eicosanoid synthesis induced by endo-
thelin (from l0° to 106 M), between the 1 and 24 hour
incubation ranged from 50 to 275%for POE2, 28 to 168% for
PG!2. and 42 to 111% for TxA2. The endothelin-induced ei-
cosanoid synthesis in mesangial cells was concentration but not
time dependent. Increasing the concentration of endothelin in
the cultured medium from 10b0 to lO_6 M was followed by a
maximum increase in eicosanoid production after one hour of
incubation. Thus the percentage increase was 72%, 59% and
31% for POE2, PG!2 and TxA2, respectively. Whether the
plateau of prostaglandin production at later time points in
response to endothelin was due to receptor down regulation or
autoinactivation of prostaglandin forming enzymes are two
open possibilities that can be addressed by binding experi-
ments. That endothelin-induced increase in eicosanoid concen-
tration in the supernatant medium corresponds to an active
metabolic process and is not the consequence of cell damage or
lysis is indicated by the fact that incubation with 500 M ASA,
blocking cyclooxygenase [14], completely prevented endothe-
lin-induced eicosanoid synthesis. Failure of cells exposed to
increasing concentrations of endothelin to release significant
amounts of LDH in the incubation medium would also exclude
that endothelin has any damaging effect on mesangial cells.
The effect of endothelin on mesangial cell eicosanoid synthe-
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Fig. 4. Effect of endothelin (ET) on PGE2, 6-keto-PGF1,,,, TxB2 produc-
tion by bovine mesangial cells. Symbols are: (•) D-MEM, (I!) ET
l0° at, (D) ET iO M, () ET 106 M. Each point represents the
mean SD of six replications. °P < 0.05; P < 0.01 compared to
medium alone (D-MEM) of the corresponding incubation time,
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Fig. 5. Ability of ASA to prevent the
stimulatory effect of 10—8 M endothelin (ET)
on PGE2. 6-keto-PGF1,, TxB2 production by
bovine mesangial cells after 24 hour
incubation. Symbols are: (U) D-MEM, (1111)
ASA, (LI) ET 108 M, (D) ET iO M + ASA.
Each point represents the mean SD of six
replications. *D < 0.01 compared to medium
alone (D-MEM); **R < 0.01 compared to
medium plus ET.
Fig. 6. Effect of nitrendipine on endothelin
(ET)-stimulated PGE2, 6-keto-PGF1,, TxB2
production by bovine mesangial cells after I
hour incubation. Symbols are: (•) D-MEM,
(LI) ET lO M, (till) nitrendipine, ()
nitrendipine + ET i0 M. Each point
represents the mean SD of six replications.
*P < 0.01 compared to medium alone (D-
MEM).
sis is reminiscent of that of two other constrictor peptides,
angiotensin II and vasopressin, which also induced mesangial
PGE2 and PGI2 synthesis with a smaller increase in PGI2 [9]. At
variance, TxB2 production was undetectable either in "basal"
condition or after the addition of the vasoactive peptides [9].
Experiments with angiotensin II and vasopressin on mesangial
eicosanoid production suggested that mesangial cells have
angiotensin II and vasopressin receptors [9, 27], and this was
subsequently confirmed by experiments with receptor antago-
nists [9] and by direct binding studies. By analogy one can
speculate that mesangial cells have endothelin receptors in
harmony with the recent findings of specific high affinity endo-
thelin binding sites in glomerular membrane [28]. As for the
mechanism responsible for the observed effect of endothelin on
the generation of prostaglandins and thromboxane several
alternative possibilities exist. It has been demonstrated that
endothelin might promote phosphoinositide breakdown by a
rapid phospholipase C-mediated hydrolysis of phosphoinosi-
tides [29]. However, activation of this pathway is unlikely
responsible for endothelin-induced arachidonic acid generation
from vascular smooth muscle cells [30] since neomycin, a
phospholipase C inhibitor, did not inhibit [3H]-arachidonic acid
release [10]. More recently it has been documented [10] that
endothelin stimulates phospholipase A2-mediated deacylation
of phospholipids in cultured vascular smooth muscle cells as
evidenced by a time and dose dependent loss of [3H]-arachi-
donic acid from phosphatidylcholine and phosphatidylinositol
that was inhibited by quinacrine, an inhibitor of phospholipase
A2. This would suggest that the latter pathway is more likely
involved on the mechanism by which endothelin stimulates
prostaglandin synthesis.
Since the effect of endothelin on contraction of porcine
coronary artery strip is dependent upon the availability of
extracellular Ca2 [1] and given the calcium dependency of
PGE2 production in rat glomerular mesangial cells exposed to
angiotensin II and vasopressin, demonstrated utilizing two
different calcium entry blockers or altering extracellular Ca2
concentration [9], we evaluated the role of extracellular Ca2
on endothelin-dependent eicosanoid synthesis in bovine mesan-
gial cells. Failure to inhibit endothelin-induced stimulation of
eicosanoid synthesis in bovine mesangial cells by nitrendipine,
a Ca2 entry blocker which inhibits Ca2 influx through the
dihydropiridine-sensitive Ca2 channels, indicates that the
availability of extracellular Ca2 is not a prerequisite for the
effect of endothelin on mesangial cell eicosanoid synthesis. This
is in agreement with a previous study [31] showing that two
Ca2 channel antagonists, nifedipine and cinnarizine, had no
effect on vasopressin-evoked PG synthesis in vascular smooth
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muscle cells in culture. That endothelin may elicit a vasoactive
response by a Ca2-dependent mechanism independently by
the extracellular Ca2 concentration has been documented by
Mitsuhashi, Morris and Ives [32] in vascular smooth muscle
cells. These authors have found that in vascular smooth muscle
cells endothelin raised intracellular Ca2 when cells were
incubated in solutions containing no calcium and EGTA. The
endothelin-induced Ca2 response was not blocked by vera-
pamil nor by the inhibitory enantiomer of BAY K-8644, the
dihydropyridine Ca2 channel antagonists, suggesting that en-
dothelin may mobilize Ca2 from intracellular stores indepen-
dently of Ca2 channel activation. Moreover, an increase of
cytosolic free calcium concentration in response to endothelin
has also been recently documented in cultured glomerular
mesangial cells [7, 8]. This mechanism could well account for
the stimulatory activity of endothelin on mesangial cell ei-
cosanoid synthesis in line with previous data showing that
vasopressin increases Ca2 concentration in mesangial cells
due to release from intracellular storage sites without extracel-
lular environment [33]. Moreover, Bonventre and Swidler [34],
incubating mesangial cells with different ranges of extracellular
Ca2 concentration, have found that mesangial PGE2 produc-
tion in response to vasopressin is not dependent upon extracel-
lular Ca2 concentration. In addition, these authors have ex-
amined whether release of Ca2 from intracellular stores was
responsible for phospholipase A2 activation and PGE2 produc-
tion and utilizing TMB-8, a putative inhibitor of Ca2 release
from intracellular stores, demonstrated both an inhibition of the
vasopressin-induced increase in cytosolic-free Ca2 concentra-
tion and an associated decreased PGE2 production.
In vivo infusion of endothelin in dogs increased arterial
pressure, by enhancing peripheral vascular resistance, and
markedly reduced renal blood flow and glomerular filtration rate
[4]. Micropunture studies showed that endothelin had a potent
constrictor effect on afferent and efferent arterioles which
preceded its systemic hypertensive action [8]. Moreover, en-
dothelin contracted mesangial cells in vitro and lowered Kf
through stimulation of mesangial cell inositol 1,4,5-trisphos-
phate (1P3) generation associated with elevation of intracellular
Ca2 [7, 8]. Taken together these data suggested that endothelin
may influence glomerular pathophysiology.
In summary the present data indicate that endothelin stimu-
lates the metabolism of arachidonic acid in bovine mesangial
cells. The percentage increase in eicosanoid synthetic rate
induced by endothelin is higher for PGE2 followed by PGI2 and
TxA2. Endothelin-induced mesangial cell eicosanoid synthesis
is independent of the availability of extracellular calcium but
likely due to Ca2 mobilization from intracellular stores.
These data prompt to suggest that endothelin induced
changes in renal circulation and glomerular function in normal
and disease conditions is modulated by the concomitant stimu-
lation of mesangial eicosanoid synthesis.
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